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ABSTRACT 

To gain new insights into the radio- loud/radio-quiet dichotomy reported for ac- 
tive galactic nuclei, we examine radio loudness as a function of Eddington ratio for 
a previously published sample of 199 AGN from five different populations. After ini- 
tially considering radio loudnesses derived using total radio luminosities, we repeat 
the investigation using core radio luminosities only, applying a previously established 
mass correction for these core luminosities. In both cases, for Eddington ratios < 1 
per cent, Fanaroff- Riley type I and broad-line radio galaxies are on average more 
radio-loud than Seyfert and low-ionization nuclear emission-line region galaxies. How- 
ever, the distribution of radio loudnesses for the mass-corrected, core-only sample is 
much narrower than that of the clearly bimodal total radio loudness distribution. The 
advantages and disadvantages of using core- or lobe-dominated radio luminosity as a 
measure of instantaneous jet power are discussed. We furthermore compare the core 
and total radio luminosities for the entire sample, as well as illustrating the impor- 
tance of the mass term by comparing the AGN with a sample of black hole X-ray 
binaries. We conclude that if the mass-corrected core radio luminosity is a good mea- 
sure of jet power, then black hole spin may have considerably less impact on jet power 
than previously reported, or that our sample does not include the extremes of spin. 
If the spread in jet power is small then we suggest that characteristics of the ambient 
environment and/or the radio source age could be equally as important in producing 
a radio- loud/radio-quiet dichotomy seen in total radio luminosity. 
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1 INTRODUCTION 

The 'radio loudness' of an active galactic nucleus (AGN) 
is usually defined as the ratio of its radio and optical flux 
densities or luminosities at two specific frequencies. A 
possible bimodality in the radio loudness distribution of 
the AGN population, the so-called 'radio-loud/radio-quiet 
dichotomy', is an often-debated, some what contentious. 



and ongoing topic of study (e.g. Strittmatter et all 



1980; ' Sramek fc ^yeedman ' '1980': 'Condon et al 
Kcllcrm aim et alj Il989l: iMiller. Peacock fc Mead 



Miller, Rawlings fc Saunders 



2003a 



1981 



199C 



199: 



19991: l^yhite et al.ll200d: llvezic et ailbooi: ICiras 
a||b|; Gopal-Krishna. Mangalam fc Wiital 



9a| | Xu. Livio fc Baum 



Cirasuolo et al 



Zamfir. Sulentic fc Marzianil 20081 : 'Singal e t al. 



The resolution of this issue is crucial if fundamental ques- 
tions relating to the physics of black hole (BH) accretion, 
jet formation and feedback are to be fully addressed. 

One standard definition of radio loudness that has been 



used particularly in quasar studies is the ratio Sv^^, / Svg , 
where Sv^ and S^b Eire the monochromatic 5 GHz radio 
and nucl ear 4400 A (B-band) fiux densities, respectively 
( Keller mann et al. I IT989 :). Radio-loud quasars were at first 
considered to be those with Su^/Svb 10, while for most 
radio -quiet quasars 0.1 < Siy^/Sug < 1 (e.g. iPetersor] 
[l993). However, in more recent times, BH mass measure- 
mentfl have allowed a more sophisticated approach to be 
adopted when studying the radio loudnesses of AGN: the 
dependence of radio loudness on the Eddington ratio, A 
(= I/boi/iEdd, where Lboi is the nuclear radiative bolo- 
metric lumin osity and I/Edd is the Edd i ngton luminosity). 
For example, ISikora. Stawarz fc Lasot"al |20o3), henceforth 
referred to as SSL07, investigated the radio loudnesses of 
a total of 199 sources spread across five different popula- 
tions: broad-line radio galaxies (BLRGs), radio-loud quasars 
(RLQs), Seyfert and low-ionization nuclear emission-line re- 
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^ In this paper we use the dimensionless BH mass 
M = A/bh/Mq. 
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gion galaxies (SGs and LINERs), FanarofT-Riley type I radio 
galaxies (FR I RGs) and Palomar-Green quasars (PGQs). 
In particular, SSL07 showed that there are two distinct, ap- 
proximately parallel tracks when log(_R) is plotted as a func- 
tion of log(A); in this case the radio loudness parameter R 
was defined as 

R = Lv^/L^g, (1) 

where L^^ and L^^ are the 5 GHz and nuclear 4400 
A monochromatic luminosities, respectively. Along b oth 
tracks, log(_R) increases as log(A) decreases (also see 
I200I who found a similar trend) , a result analogous to that 
previously established for BH X-ray binaries (XRBs ) in the 
'low/hard' state (e.g. iGallo. Fender fc PoolevI |2003| ) . The 
upper, 'radio-loud sequence' is occupied by BLRGs, RLQs 
and FR I RGs, while the lower, 'radio-quiet' sequence com- 
prises SGs, LINERs and PGQs. The bimodality is most ap- 
parent at log(A) < —2 (< 1 per cent Eddington). 

SSL07 interpreted their findings in terms o f BH spin 
(e.g. iBlandford fc Znaiekl [iQTtI : iMcKinnevllioOsI ): powerful 
jets can be produced through the extraction of the ro- 
tational energy of the BH by an external magnetic field 
that is supported by the accretion disc. Giant ellipticals on 
the radio-loud track are postulated to host high-spin BHs, 
while low-spin BHs in spiral/dis c galaxies are found on the 



radio -quiet 
20071: 



tra ck 
Sikoral 



(als o 
20091: 



Tchekhovskov. Naravan fc McKinnevI 



.Volonteri. Sikora fc Lasotal 
Lagos. Padilla fc Coral 



McNamara, Rohanizadegan & Nulsen] I2OIII : iDalvl 
Martm cz-Sansigrc fc Rawlings 2011). Hypotheses can then 



be drawn regarding the relationship between spin evolution 
and galaxy merger events (e.g. discussion in SSL07). 
At Eddington ratios above ~1 per cent, where there is 
some mixing of the tracks, there is also thought to be 
an additional dependence on accretion state, analogous 
to what is seen in BH XRBs, where in disc-dominated 
'high/soft' states the jet is st r ongly suppressed (e.g. 
Maccarone. Gallo fc Fended l2003l : iFender. Belloni fc Gallol 



2004h . 



In their analysis, SSL07 used the total monochromatic 
radio power at 5 GHz, that is core plus extended emission, 
when calculating R. An alternative method would be to only 
consider the radio luminosity from the core. Currently there 
is no general consensus in the literature about which method 
is best; there are a rguments for and against each approach. 
IWhite et al.l l|2000l ) did not find a gap in the radio loudness 
distribution of sources in the Faint Imag es of the Radio Sky 
at T wenty Centimetres (FIRST; Be cker. White fc Helfandl 
I1995D Bright Quasar Survey (FBQS); the 1.4 GHz FIRST 
survey has an angular resolution of 5 arcsec, which may 
result in a loss of sensitivi ty to extended emission (e.g. 
see discussion in iLaod 120031 ). Though FIRST may gener- 
ally un derestimate the flux densit y of th e extended com- 
ponent, iRafter. Crenshaw fc Wiital I 201 ll ) found that once 
this emission is taken into account, there is a radio loudness 
bimodality in thei r sample of AGN from the Sloan Digital 
Sky Survey ("SDSS: lYork et al.ll2000l) : those sources extended 
in FIRST are more radio-loud on average than core-only 
sources. Similarly, a link between radio loudness bimodality 
and the use of total, rat her than core, radio lurninosi ties was 
suggested by the work of lTerashima fc WilsonI |2003 !) . Given 
the results of these various investigations, one can therefore 



speculate that the two tracks in SSL07 may approach each 
other or even merge if total radio luminosities are replaced 
with core radio luminosities. 

Two other studies which o nly considered the radio emis- 
sion f rom t he core were by Merloni. Heinz fc Di Matted 
(|2003t ) and iFalcke. Kording fc Markofj (l2004r ). who con- 
structed 'fundamental planes of BH activity' using samples 
of both AGN and BH XRBs. While they too did not find 
significant evidence for a radio- loud/radio-quiet dichotomy, 
a dependence between core radio luminosity, core X-ray lu- 
minosity and BH mass was observationally established. In 
iMerloni et al.l (j2003j, the relationship is given as 



T rO-6 

core <X Lx M 



(2) 



where L5, core, the 5 GHz core luminosity (= v^L^^ 
where 1^5 = 5 GHz) and Lx , the 2-10 keV nuclear X-ray lu- 
minosity are both measured in erg s~^. Note that v ery simi- 



lar conclusions were reached in Falcke et al.l (12004 ); s ee als o 
iKording. Falcke fc Corb"eil l|2006l ) and lGiiltekin ^8111120091 ). 

These stu dies confirmed the earlier theoretical prediction of 
iHeinz fc^S unvacv (2003), who derived a model- independent 
relation for scale-invariant jets (i.e. in t he inner regions of th e 
jet only; also see further discussion in lMerloni et al.l 120031 '). 
The mass term in equation [2] arises from the fact that the 
jet volume varies faster than the mass, and thus jets from 
more massive BHs are more radiatively efficient at a given 
accretion rate as a resu lt of the decrease in optical depth. 
iHeinz fc SunvaevI (|2003l ') noted that random variations in 
the BH spin parameter could simply introduce an intrinsic 
scatter to the fundamental plane relation that may be inde- 
pendent of M. Therefore, correcting R for the effects of the 
mass term should give a clearer picture of the contribution 
of BH spin to any radio loudness dichotomy, and in turn the 
distribution of BH spin in AGN. 

In this paper, we revisit the study of SSL07 to determine 
how the use of core radio luminosities, and the application 
of a mass correction term affects the bimodality observed in 
the log(i?)-log(A) plane. In Section [2l we give an overview 
of how core luminosities were obtained and mass corrections 
derived for the sample from SSL07, before reexamining the 
tracks in the log(7?)-log(A) plane in Section [3] We discuss 
our new findings in Sectional before concluding in Section^ 

We assume the same ACDM cosmological model as in 
SSL07, that is Q.yi = 0.3, = 0.7, and Ho = 70 km s"^ 
Mpc"'^. We also define R as in equation [T] but with L^^ 
calculated from the core only. Furthermore, as in SSL07, 
we assume that Lboi ~ IQvbLv^ = lOLs. All values of A 
have been calculated using the Lb values and BH masses 
presented in SSL07. 



2 THE SSL07 AGN SAMPLE: CORE RADIO 
LUMINOSITIES AND MASS CORRECTIONS 

As mentioned in Section[T] SSL07 used a total of 199 AGN in 
their study, spread across five different populations: BLRGs 
(37 sources), RLQs (50 sources), SGs and LINERs (38 
sources, three of which are LINERs), FR I RGs (31 sources) 
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Table 1. Median values of various source properties. Some values are more uncertain than others due to the presence of limits. The 
medians have been calculated using the data from SSL07, except for the core radio luminosity column (this paper). 



Medians 



Subsample 


N 


2 


log (Lb) 
(erg s~l) 


log (-^-5, total) 

(erg s-l) 


log (L5, core) 

(erg s-l) 


log (A) 


log (M) 


BLRGs 


37 


0.157 


44.1 


42.3 


~41.1 


-1.6 


8.4 


RLQs 


50 


0.325 


45.1 


42.8 


~42.3 


-0.8 


8.8 


SGs and LINERs 


38 


0.009 


42.3 


38.4 


~37.7 


-2.1 


7.6 


FR I RGs 


31 


0.025 


~41.2 


41.1 


39.8 


4.8 


8.6 


PGQs 


43 


0.144 


45.0 


39.4 


~39.1 


-0.3 


8.2 



and PGQs (43 sources) [f] Median values for a number of 
source properties for each subsample are shown in Table [T] 
In addition, radio core luminosities for the sources in the 
SSL07 sample are presented in Appendix 1X1 (Tables I AlflA5|) : 
we now briefly summarize how these values were obtained. 

The 5 GHz monochromatic core luminosity was calcu- 
lated using the standard formula 

L.,, _ = 47:DlS.,^ _(1 + (3) 

where Dl is the luminosity distance for our assumed cosmol- 
ogy, ^^^1, is the 5 GHz core flux density, z is the redshift 
and a is the radio spectral index (deflned using the conven- 
tion oc If there were multiple flux density measure- 
ments for a given source, then these were averaged together. 
In some cases, only a luminosity was available in a particu- 
lar reference in the literature, and a correction was applied 
so that it was valid for our cosmological model. Unless ra- 
dio spectral index information was available, we assumed 
a spectral index of when calculating the core luminosity. 
This will introduce some scatter into our R measurements. 
However, because all of the sources in the sample are at 
z < 0.5, with a median redshift of 0.138, we would expect 
that in most cases the uncertainty introduced into log(i?) 
should be small (< ±0.1). In other words, uncertainties in 
the radio fc-correction term in equation|3]do not signiflcantly 
affect our investigation. 

Core measurements at 5 GHz for the BLRG, RLQ and 
FRI RG subsamples were obtained from a variety of ref- 
erences in the literature. For the SGs a nd LINERs. SSL07 
used the total radio luminosities from IHo fc Penei (|200ll ) 
and 113 (|2002l ): both these papers also include 'nuclear' ra- 
dio luminosities, but they were computed using the emission 
from all of the components that are thought to be associated 
with the active nucleus. We instead searched for core-only 
flux densities in the literature. The core radio luminosities 
were then calculated using the distance measurements given 



^ There are 200 entries in the SSL07 data tables, but Perseus A 
has been counted twice: firstly as NGC 1275 in the SG/LINER 
subsample, and secondly as 3C 84 in the FR I RG subsample. 
Slightly different measurements are listed in the two separate data 
table entries; we note especially that the BH mass changes by 0.6 
dex. We chose to include this source in the FR I RG subsample 
only (see Section 3.1 in SSL07 for a discussion on how Perseus A is 
an outlier when considered as part of the SG/LINER subsample), 
and we have used the data in the FR I RG table in SSL07 (table 
4). 



in IHo fc Pen"3 (|200lh and [13 (|2002l ): as in SSL07, we cor- 
rected distances greater than 40 Mpc to take into account 
th at our assumed cos molo gica l mode l differs from those used 
in IHo fc PeiiS (120011 ) andlHol (I2OO2I ). Lastly, core luminosi- 
ties for the PGQs were deri ved from t he flux densit i es pre - 
sented in iK cllcrm ann et al.l ([1989) and iMiller et all (|l993l ). 
Miller et al.l (119931) rean alysed the 5 GHz data used in the 
Kellermann et all (| 19891 ) study, and if a core flux density for 
a particular source was available from both studies, we chose 
to average the measurements together. 

For some of the more compact sources, we used either 
the integrated or peak 5 GHz flux density of the total ra- 
dio source. Nonetheless, the corresponding observations were 
usually carried out at sufficiently high angular resolution 
(< 10 arcsec), and in the majority of cases no source ex- 
tension or only partial extension was reported. Flux densi- 
ties from ATCA and VLA calibrator tables were also used 
where available. Therefore, these measurements should pro- 
vide reasonable estimates for the core luminosities. Also, it 
was sometimes necessary to extrapolate from or interpolate 
between measurements at neighbouring frequencies, either 
using known spectral index information or assuming that 
a = 0. For 34 of the sources, we were only able to obtain an 
upper limit for the core luminosity (17 per cent of the total 
sample of 199 AGN). See Appendix [K\ for further details. 

The mass correction term can be deduced as follows. 
Rearranging equation [2] gives 

^^oc (':^V"■'M°■^ (4) 
Lx \M J ^ ' 

If the nuclear optical and X-ray luminosities only differ by 
some constant factor (an assumption which we discuss fur- 
ther in Section |4ll, then we can replace Lx with Ls in equa- 
tion [l] Furthermore, given that Lb = vbL^^ , L5, core = 
u^Lv^ cord our assumption of Lboi = lOLs and the deflni- 
tion of the Eddington luminosity itself, it follows that 

R oc X-'^-^M"-^, (5) 

or 

log(i?) = -0.4 log(A) + 0.4 log(M) -I- constant. (6) 

When plotted in the log(-R)-log(A) plane, the mass-corrected 
radio loudness is therefore of the form log(ii) — 0.41og(M). 
The mass terms were calculated using the BH mass data 
from SSL07. SSL07 concluded that their results are not af- 
fected significantly by errors in the BH mass values, which 
were obtained using a variety of methods. We estimate 
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th at the typical uncertainty should be < 0.5 dex (e.g. 



Urrvl 



,,j|McLure fc Dunlop||20o3 : IVestergaardll2002l : IWoo 

horn . 

In addition, equation [6] can be related to the total jet 
power, Pj. For flat-spectrum emission from the radio core, 

Ls, core DC '''' (7) 

l|Blandford fc Konigll ll979lV empirical evidence for t his re - 
lationship was found bv lKording. Fender fc Migliaril ()2006l l. 

Thus, at a given value of log(A), a 1 dex difference in R 
corresponds to a difference in jet power of y| ~ 0.7 dex. 



3 REANALYSING THE DISTRIBUTION OF 
POINTS IN THE LOG(P)-LOG(A) PLANE 

Figure [T] demonstrates how the distribution of points in the 
log(ii)-log(A) plane changes depending on whether total or 
core radio luminosities are used, and if a mass correction 
term is applied. Firstly, we show the original data from 
SSL07 in panel (i), though with some slight modification^; 
the distribution is clearly bimodal. In panel (ii), radio loud- 
nesses derived from core radio luminosities have been plot- 
ted; though R still increases with decreasing A, it is imme- 
diately apparent that the gap between the upper and lower 
tracks has closed significantly. However, it is the use of both 
core luminosities and mass corrections that results in the 
greatest convergence of the two sequences (panel iii). 

For the three above scenarios, we attempted to quan- 
tify any possible differences between the distributions of RGs 
and SGs/LINERs. In the analysis that follows in this section, 
we first applied a log(A) < —2 cutoff to minimize the effect of 
varying X-ray states and their coupling to je t production at 
higher Eddington ratios l|Fender et al.l 12004) . Secondly, the 
four FR I RGs with log(A) < —6 (three of which have limits 
in R and A) were excluded so that similar baselines in log(A) 
were covered by both subsets. Nonetheless, the analysis is 
complicated by the fact that a number of remaining sources 
have limits in R and/or A, especially in the FR I RG sub- 
sample. We generally have treated any limits as detections; 
the potentially large uncertainties associated with a range of 
datapoints in the log(i?)-log(A) plane are discussed in more 
detail in Section [l] The FR I RG lower R limits imply that 
the average differences in radio loudness between the tracks 
may be somewhat larger than is suggested here, but because 
these lower R limits result from upper Lb limits (see table 

4 in SSL07), the gap between the sequences would still be 
smallest for case (iii) in Figure [T] 

The two-dimensional Kolmogorov-Smirnov (KS) teslQ 
was used to evaluate whether the distributions of RGs and 
SGs/LINERs are drawn from different parent populations; 
the P-values are shown in Table [2l Unsurprisingly, there 
is very strong evidence that the RG and SG/LINER sub- 
sets are drawn from different parent populations in panel 
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In addition to the changes for Perseus A outlined in footnote [2] 
we have corrected a minor discrepancy in SSL07 regarding the 
radio properties of Mr k 590 in the SGs and LI NE Rs sub sample. 
* We used the iFasano fc Pranceschinil lll987t ) algo- 
rithm; C code can "be found in iPress et al.l {l9^. 
An additional bug fix for this code is described at 
|http: //www .nr. com/forum/ shoMthread.php?t=576 I 



Figure 1. log(ij) plotted as a function of log(A) for three difi^er- 
ent scenarios: (i) original data from SSL07 (with minor modifi- 
cations); (ii) radio loudnesses calculated using core luminosities; 
and (iii) radio loudnesses calculated using core luminosities, with 
a mass correction term included on the vertical axis. A square 
has been drawn around the data point for Perseus A (NGC 1275 
/ 3C 84) in all three panels (see footnote [2} • 
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Table 2. Two-dimensional KS test statistics for —6 < log(A) < 
—2. The number of sources included from each subsample is 
stated. When core radio luminosities are used, the number of 
RGs drops to 31 because there are insufficient data for two of the 
FR I RGs (see Table IXit. 



Total radio powers 



Scenario 


N 


N 


P-value 




(RGs) 


(SGs/LINERs) 




^5, total 


33 


20 


4 X 10"* 


^5, core 


31 


20 


5 X 10-7 


^5, core 


31 


20 


4 X 10"^ 


+ mass correction 









(i) of Figure [T] apart from a handful of sources, RGs are 
found on the upper sequence, and SGs/LINERs on the lower 
sequence. Though the bimodality is not as pronounced in 
the other two cases, the P-values are still highly signifi- 
cant. The very small P-values are mainly due to the dif- 
ferences in log(_R): there is no significant evidence from one- 
dimensional KS tests that the log(A) distributions of the 
RGs and SGs/LINERs are drawn from different parent pop- 
ulations (but note that an intrinsic dependence on A could 
exist given the upper A limits for some of the FR I RGs). 

One can also model the dependence of log(_R) on log(A) 
by fitting a linear function (in log-log space) to each of 
the RG and SG/LINER subsets in all three panels of Fig- 
ure [1] for —6 < log(A) < —2. Standard linear regression 
was found to give similar fit coefficients (within the uncer- 
tainties) to those obtained from the SCHMITTBIN task in the 
iraf/stsdas package, whic h takes i n to ac count data with 
limits using the method of ISchmittI (|l985l ). The slopes of 
the various lines range from ~— 0.6 to —0.4, broadly consis- 
tent with equation (6] The average vertical offsets between 
the lines are about 2.6 dex (panel i), 2.1 dex (panel ii) and 
1.5 dex (panel iii). 

Lastly, we also fitted linear functions (again in log- 
log space) through the combined distribution of RGs and 
SGs/LINERs with -6 < log(A) < -2 in each panel of Fig- 
ure [T] The fits from standard linear regression are log(i?) — 
-0.711og(A) + 1.1 (panel i), log(7?) = -0.691og(A) + 0.05 
(panel ii), and log(ii) = — 0.61 log(A) — 2.95 (panel iii). 
Again, similar coefficients are found if the data with limits 
are treated more rigorously. Stacked histograms of the radio 
loudness residuals (i.e. the vertical offsets from the line of 
best fit) are shown in Figure [2] The residuals for the RGs 
and SGs/LINERs overlap only slightly in panel (i). For the 
unbinned data, the difference between the median residual 
of the RG subset and the median residual of the SG/LINER 
subset is 2.5 dex; the range covered by both subsets together 
is 5.6 dex. For the core radio powers (panel ii), the differ- 
ence between the medians has decreased to 2.0 dex and the 
range to 4.5 dex. The implementation of the mass correc- 
tion (panel iii) further reduces the difference between the 
medians (to 1.7 dex), as well as the range (to 4.1 dex). In 
the third case, the standard deviation of the unbinned dis- 
tribution is 1.0 dex. Despite the changes in the histogram 
properties, there is no evidence from one-dimensional KS 
tests (on the unbinned data) that the three sets of com- 
bined RG -I- SG/LINER residuals are drawn from different 
parent populations. A larger sample size is needed for log(A) 
< -2. 
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Figure 2. Stacked histograms of the radio loudness residuals 
the range —6 < log(A) < —2 . 
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Table 3. Advantages and disadvantages of using core or total radio luminosities in studies of the radio loudness properties of AGN. 



Core radio luminosities 



Total radio luminosities 



Advantages * Probing a similar spatial region to 

optical/X-ray observations of the nucleus. 

* Tracing a similar history to 
optical/X-ray observations of the nucleus. 

Disadvantages * Orientation effects: beaming. 

* Core flux can be significantly variable. 

* Very high-resolution observations 
essential in many cases. 

* Possible issues concerning 
misidentification of the core if there 
are several radio components. 



* Emission from lobes is isotropic. 

* More global picture of jet power. 



* Extended flux can be affected significantly by 
the source age or environment. 

* Timescales and spatial scales of the extended 
emission not well-aligned with the corresponding 
scales for the nuclear optical/X-ray emission. 

* May need sufficient short baselines to record all 
of the extended flux. 



Thus, in summary, replacing total radio luminosities 
with core radio luminosities, and additionally applying a 
mass correction, narrows the gap in radio loudness between 
the upper and lower sequences in the log(i?)-log(A) plane by 
about an order of magnitude in the range —6 < log(A) < —2. 
RGs are on average more radio-loud than the SGs and LIN- 
ERs by ~1.6 dex, which is equivalent to a diflterence of about 
an order of magnitude in jet power (equation [T]). 



4 DISCUSSION 

4.1 Core versus total radio luminosities 

We have demonstrated that the significance and width of 
the radio loudness bimodality in the log(i?)-log(A) plane is 
closely linked to the measure of radio power adopted, and its 
dependence on BH mass. Table[3]summarises the advantages 
and disadvantages of using core or total radio luminosity as a 
measure of instantaneous jet power. The primary argument 
for not using core luminosities is that they are susceptible to 
relati vistic beam ing effects (e.g. in the context of R bimodal- 
ity bv lLaodl2003l ). depending on the orientation of the radio 
source with respect to the line of sight; we discuss this fur- 
ther in Section [4.21 On the other hand, for example, recent 
or renewed activity in the nucleus seen, say, in the optical or 
X-ray bands will not be related directly to the extended ra- 
dio emission from a jet that may have propagated hundreds 
of kpc over timescales of ~10^ yr. In this situation, the to- 
tal integrated flux density is an average measure of the jet 
power over a much longer period of time. Therefore, studies 
that compare total radio luminosities with nuclear optical 
or X-ray luminosities may be very misleading, especially if 
the sources are lobe-dominated. By restricting the analysis 
to the nuclear region for all wavebands, we ensure that sim- 
ilar spatial scales, and importantly, similar timescales, are 
probed. 

In FigureO we compare the core radio powers presented 
in this paper with the total radio powers from SSL07. Core 
and total 5 GHz radio power are observed to be correlated; 
similar correlations between core an d total radio luminosity 
have been seen in other studies (e.g. iGiovannini et ahll 19881 . 
bOOlT ). The BLRGs and FR I RGs are typically dominated 
by an extended component: the median core-to-total radio 




Figure 3. Total versus core 5 GHz radio luminosities for the 
sample from SSL07. A line of equality is shown; points below the 
line without limits suggest variable sources. A square has been 
drawn around the data point for Perseus A (NGC 1275 / 3C 84; 
see footnote O . 

luminosity ratios are ~7 per cent (BLRGs) and ~6 per cent 
(FR I RGs). For the RLQs, as weU as the SGs and LINERs, 
the majority of the radio power also originates from an ex- 
tended component, but not to the same extent as for the 
BLRGs and FR I RGs: the median core-to-total ratios are 
--25 per cent (RLQs) and --20 per cent (SGs and LINERs). 
The PGQs may have the largest core fraction on average, 
but given that only core upper limits were obtained for 40 
per cent of this subsample, it is not possible to draw a firm 
conclusion at this stage (median ratio > 20 per cent). 

4.2 Possible effects of relativistic beaming 

Could relativistic beaming affect the log(J?)-log(A) plots 
shown in Figure [Tf The ratio of the core to extended radio 
luminosity, or flux density, is commonly used as an orienta- 
tion indicator (e.s. lOrr fc BrowndllQS^ . We would expect 
a beamed core to lift this ratio at small viewing angles to 
the jet axis. It is therefore possible that Figure [3] suggests a 
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net orientation difference between the upper and lower se- 
quences in Figure [1] with sources on the lower track being 
viewed closer to pole-on on average. Indeed, SSL07 chose 
those SGs and LINERs for which at lea st the Hq line i s 
broad; in AGN orientation schemes (e.g. lAntonuccilll993h . 
broad lines are obscured by a torus of dense gas at large 
viewing angles to the jet. Hence, we might expect the lower 
track to be boosted upwards by a relatively larger amount, 
which would make any intrinsic bimodality less pronounced. 

However, this interpretation is most likely far 
too simplistic. Firstly, though the presence of rel- 
ativistic jets has been suggested for ra dio -quiet 
quasars (e.g. iFalcke. Patnaik fc Sherwood! Il996 



iBlundell. Beaslev fc Bicknelll l2003l :~ iBarvainis et al.l l2005h . 
the situation appears to be less clear-cut for SGs, for which 
there is evidence for both sub-r e lativis ti c and relativistic 
expa,nsion (e.g. .U lvosta det al.l 1 19991 : iBrunthaler et al" 



I2OO0I: iMiddelberg et al.ll2o6i l. Moreover, recentlv lhal et al 
l|201ll ) found no evidence for relativistic beaming in SGs. 
Furthermore, it has been proposed that SGs have thermally- 
dominated, baryonic jets with sub-relativistic velocities, 
though t he jet velocity might be mildly rela tivistic close to 
the BH (|Bicknell et al.lll998l : lBicknellli20ot ). Therefore, at 
Eddington ratios < 1 per cent, relativistic beaming may 
not be particularly significant for the lower sequence. 

We now attempt to quantify the possible beaming ef- 
fects for the RGs and RLQs. In general, for a radio core with 
spectral index a, the observed flux density S^, obs is related 
to the intrinsic flu x density S^. rest in the c omoving frame 
by the expression (jBlandford fc Konigllll979l ^ 



^u. obs — ^'-^i rcst-L' , 



(8) 



where k — 2 for a continuous jet and k — 3 for dis- 
crete ejections. The Doppler factor D is determined using 
the Lorentz factor 7, dimensionless velocity /3 = v/c and 
viewing angle to the jet 0: 



D = [7(1 - Pcose)Y 



(9) 



For the FR I RGs, bu lk Lorentz factors are typically ~2- 
10 (|Landt et al.l l2002l . and references therein) , and possi- 
bly higher for the BLRG s and RLQs (e.g. 7 ~ 10-14 in 
iMullin fc Hardcastldliopgh . Depending on the value of (in 
the range 0°-90° for the jet/counterjet), the core emission 
could be boosted or debooste d. For the FR I R Gs, a fidu- 
cial viewing ang le of ~60° (e.g. lLandt et al ] |2002 . and refer- 
ences therein) could potentially lead to a decrease in radio 
loudness of up to several dex, depending on how relativistic 
the emitting electrons are. The gap between the sequences 
for log(A) < — 2 might therefore be intrinsically larger. On 
the other hand, the viewing angles of seve ral sources in the 
FR I RGs sample have been estimated by iGiovannini et al.l 
(|200ll l. and range from < 19° to r^85° . Using the estimates 
of 7 and (3 that are also available from their study, there are 
some cases where we would expect the core to be deboosted, 
others where the core should be boosted, and several where 
the parameters are not constrained sufficiently to allow us to 
differentiate between the two possibilities. At a given value 
of A, a scatter of up to several dex in R due to the effects 
of beaming is therefore certainly possible for the FR I RGs, 
as well as the BLRGs and RLQs. Indeed, the range in the 
unbinned RG radio loudness residuals for case (iii) in Fig- 
ure|2]is about 2.5 dex, for example. Beyond this, it is difficult 



to make any concrete predictions; with our current data we 
cannot rule out that the gap between the tracks is intrinsi- 
cally larger, nor smaller. 

Another related issue is that there might be velocity 
structure in the jet, for example a fast spine surrounded by 
a slower sheath, with the core emission coming from the 
latter. As one might expect, the magnitude of the boost- 
ing/deboosting is smaller at lower values of 7. Such a sce- 
nario would reduce the importance of Doppler effects in the 
distribution of points in Figure [1] 

A further complication stems from evidence 
that the nuclear optical (and X-ray) emission in 
lower-power radio galaxies originates from a jet, in- 
stead of from the disc/ac c retion flow. For example, 
IChiaberge. Capetti fc Celottil (|l999l ) found a strong corre- 
lation between the radio and optical nuclear flux densities 
for a sample of FR I RG s, suggesting a synchrotron 
origin for both (also s ee e.g . IChiaberge. Capetti fc Celottil 



2OOOI: ICapetti et all l200oi: iHardcastle fc Worralll |20~ 



Capetti et al. 20021 : IHardcastle. Evans fc Croston 



Most of the FR I RGs in that paper were included in the 
SSL07 FR I RG subsample. The observed radio loudnesses 
will then depend additionally on the relative radio and 
optical Lorentz factors. However, more generally, the optical 
nuclear emission is potentially overestimated significantly 
(depending on the extent of the beaming for any jet-related 
emission). About one-third of the sources in the FR I RGs 
sample have upper limits only for L b (see Table IA4|) ; this 
fraction may in fact be much larger. A decrease in Lb 
would cause the points in the log(i?)-log(A) plane to move 
diagonally to the upper left along lines with a gradient of 
— 1. Therefore, the gap in radio loudness between the upper 
and lower sequences would increase. On the other hand, 
using infrared data, SSL07 suggested that the accretion 
luminosities of some of the FR I RGs could in fact be 
underestimated by a factor of > 1 dex if the optical 
emission from the jet originates from outside an obscuring 
torus, wi th the core itself hidde n by the obscuring material 
(also see lCao fc Rawlingsll2003 ). Correcting for this would 
result in the datapoints moving to the lower right along 
lines with a gradient of —1, closing rather than opening the 
gap between the sequences. 



Is BH spin alone responsible for the 
dichotomy? 



4.3 



For log(A) < —2, the analysis in Section 14.11 implies that 
Figures [T] and [2] are essentially comparisons between the ra- 
dio loudnesses of RGs (mainly FR I RGs) and SGs/LINERs 
(mainly SGs) that typically have a significant extended ra- 
dio component which is associated with the active nucleus, 
though less so in the latter case, especially as there may 
also be contributions from starbursts. Moreover, the radio 
linear sizes of extended SGs are typically much smaller than 
for FR I RGs (e.g. ~ a few kpc compared with hundreds 
of kpc). The fact that the FR I RGs are much more radio- 
loud than the SGs when total radio powers are used suggests 
a link between radio loudness bimodality and the presence 
of extended emission, which i s sim ilar to what was fo und 
bv lTerashima fc WilsonI (|2003D and iRafter et al.l (|201ll ). as 
well as the spatial scale of the extended emission. Yet if the 
'revised BH spin paradigm' presented by SSL07 is correct. 



© 2011 RAS, MNRAS OOClTlfTTI 



8 J. W. Broderick and R. P. Fender 



then BH spin appears to affecting the extended emission 
substantially more than the core emission. Is this plausible? 

The radio luminosity of extended emission scale s with 
BH m ass, external density and the age of the jet (e.g. iHeinj 
I2OO2I ). Therefore, in panel (i) of Figure [1] the observed ra- 
dio loudness dichotomy could at least in part be caused by 
the RGs residing in denser large-scale environments than 
the SGs and LINERs, in addition to the possible effects re- 
sulting from the interstellar medium (which is well known 
to be different for ellipticals and spirals) through which the 
jet propagates, as well as possible additional dependences on 
BH mass, jet lifetime, and, as advocated by SSL07, BH spin. 
Indeed, while low-redshift FR I RGs are well known to reside 
in ric h environments on average (e.g. iPrestage fc Peacockl 
19881') Fl this does not appear to be the case for SGs (e.g. 
De Robertis. Yee fc Havhodll998l ). Furthermore, one of the 
conclus ions from the s tudy of SG narrow-line region emis- 
sion bv lBicknell et all (| 19981 ) was that the ratio of the radio 
power to jet energy flux is much smaller than what is usu- 
ally assumed for RGs, and that this is partially due to the 
smaller ages (~10^ yr) of SGs compared with RGs. Also, it 
is interesting to note that in simulations of the growth and 
ev olution of Fanaroff-Rile y type II (FR II) radio galaxies 
bv IWang fc Kaiseil l|2008l ) and Kapihska et al. (in prep.), 
parameters such as jet age and environmental density are 
important, yet a jet kinetic luminosity that is strongly super- 
Eddington (i.e. possibly resulting from spin) is not required. 

Whatever the underlying physical mechanisms that re- 
sult in the bimodality in panel (i) of Figure [T] there is still 
an average inferred difference in jet power of about an order 
of magnitude at Eddington ratios < 1 per cent for the mass- 
corrected, core radio loudnesses. Nonetheless, this difference 
is far less than the typical power variations of several orders 
of magnitude that are possible for reahstic BH spin distribu- 
tions, though the s pread may also depend on the thickness o f 
the accretion disc (|Meieij|200ll : iTchekhovskov et al.ll2010l ): 
thinner discs result in a narrower range in power for a given 
spin distribution. Thus, depending on the accretion disc ge- 
ometry, and provided that the mass-corrected core radio lu- 
minosity is indeed a reliable measure of jet power, then the 
dependence of jet power on BH spin may be much weaker 
than previously thought. This in turn reinforces our hypoth- 
esis that the ambient environment and /or jet lifetime could 
play a significant role in producing the dichotomy observed 
in total radio luminosity. Alternatively, our relatively small 
sample at low Eddington ratios may not be accurately repre- 
sentative of the general difference between the spins of BHs 
in giant ellipticals and spiral galaxies, which could be more 
extreme than i s suggested here. In ad dition, as remarked by 
iMartmez-Sansigre fc Rawlingsl (|201ll '). a dichotomy in BH 
spin may not necessarily lead to a clear dichotomy in ra- 
dio loudness, given the range of possible uncertainties and 
selection effects. 



^ Also see 'http : //www. jb.man. ac .uk/atlas/' and references 
therein for the specific details of some of the sources in the SSL07 
FR I RG subsample. 




0.6log[L . (erg s"^)] + 0.8log(M) 



Figure 4. Revised version of th e fundamental plane of BH 
activity from iMerloni et al with X-ray luminosities re- 

placed with radiative bolometric luminosities. The AGN data 
are fr om this pape r and SSL07, while the BH XRB data are 
from [ Fender et al and references therein, as well as 

ICalvelo et al.l 1 I2OIOI I. We assumed that log(A/) = 1 for those 
XRBs whose BH masses have not yet been measured. The line of 
best fit is also shown. 

4.4 Other potential uncertainties in our analysis 

There are various sources of scatter that could help to blend 
the sequences in panels (ii) and (iii) in Figure [T] These in- 
clude deviations about the mass correction term, the effects 
of relativistic beaming discussed previously, and uncertain- 
ties in the determinations of Ls, core. Lb and M. Moreover, 
additional scatter could be caused by the fact that the ra- 
dio and optical nuclear measurements, which could be or 
are already known to be variable, were not conducted si- 
multaneously. Some of the radio core luminosities may also 
be overestimated if the angular resolution was not sufficient 
to isolate the true radio core (itself a rather hard-to-define 
concept). 

It is important to emphasise that although the fu nda- 
mental plan e s of B H activity in iMerloni et al.l (2003) and 
iFalcke et al] (|2004l ') were defined using X-ray luminosities, 
we calculated radio loudnesses in this paper using _B-band 
data. If the relationship between optical and X-ray core lu- 
minosity is complex, perhaps due to dust extinction, for ex- 
ample, then further scatter will be intr oduced to the plots 
in Figure m iTerashima fc WilsonI (|2003l ') discuss some other 
issues that may affect radio loudnesses derived using op- 
tical data. On the other hand. Figure [4] suggests that our 
assumption in Section [2] of a simple relationship between 
Lx and Lb is reasonable in general. In this figure, we have 
plotted a revised version of the fund amental plane of BH 
activity shown in IMerloni et al] (|2003l '). replacing the X-ray 
luminosity term on the horizontal axis with a correspond- 
ing term for the radiative bolometric luminosity. The data 
points include the AGN studied in this paper, as well as a 
list of core measurements for BH XRBs in the low/har d 
state l|Fender. Gallo fc Russell I2OI0I : ICalvelo et all I2OIGI '). 
For the AGN, the bolometric correction is assumed to be 
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Figure 5. Logarithm of the ratio of core radio to total radiative 
bolometric luminosity, plotted as a function of log(A). In panel 
(ii), the mass correction term has been applied on the vertical 
axis. The BH XRB data are the same used in Figure|4] the cluster 
of XRB points seen in both panels contains the measurements for 
Cygnus X— 1. 



4.5 The importance of the mass correction term 

Figure |4] shows how a mass term allows the BH XRB and 
AGN populations to be linked. From Figure [1] it is also 
clear that the 0.41og(Af) mass term correction plays an im- 
portant role in collapsing the radio loudness dichotomy. This 
is further explored in Figure [S] where we have also included 
the BH XRBs, which have much lower BH masses than the 
AGN, in the log(7?)-log(A) plots. To eliminate the need to 
extrapolate from X-rays to B-band for the BH XRBs, and 
vice- versa for the AGN, we have used a different measure of 
radio loudness in Figure O namely the ratio of the core ra- 
dio luminosity to total radiative bolometric luminosity. Note 
that Section 14.41 not only implies that our bolometric cor- 
rections appear to be sensible, but that the mass term is 
approximately 0.41og(Af). 

In panel (i) of Figure [S] the BH XRBs ap pear to trace 
out a th ird track (and poss ibly a fourth; see iFender et al.l 
I2OI0I and lCalvelo et al.ll2010l ) below the two AGN sequences. 
However, once the mass correction is applied, the BH XRBs 
are shifted towards the middle of the AGN distribution. 
This powerfully illustrates that the spread in radio loudness 
is reduced significantly once the dependence on BH mass is 
taken into account. 



4.6 What can we learn from BH XRBs? 

Given that a link is implied by the distribution in panel (ii) 
of Figure [5] studies of BH XRBs can be used shed further 
light on how BH spin may affect AGN jet power. There is in 
fact no compelling evidence linking the observed properties 
of the jet s in BH XRBs with the reported measurements of 
BH spin (iFender et al.ll2O10D . Furthermore, as remarked by 
IFender et al.l l|2010^ ■ the apparently low-spin BH in Cygnus 
X-1 is likely to be associated with strong extended radio 
emission. These results cast further doubt on the importance 
of spin in the pow eri ng of AGN jets (but see discussion i n 
IFender et aLll2010l and lMartinez-Sansigre fc Rawlingsll201ll ') . 
Instead of causing of a dichotomy in radio loudness, spin may 
just be an additional source of scatter in the log(-R)-log(A) 
plane, or perhaps it has no effect at all. 



Lhoi ~ WLb (see Section [T|, while for the BH XRBs we 
used the bolometr i c corr ection for the low/hard state from 
iMighari fc Fendeij (|2006l ): Lboi = 5Lx- The distribution of 
points in Figure |3] agrees well ove rall with the di s tribut ion in 
the fundamental plane plot from iMerloni et al! (j2003l ). The 
amount of scatter observed for the AGN depends on whether 
we exclude those sources with log(A) > —2, where there 
may be a dependence on accretion state (see S ection (Hi. The 
scatte r amo ngst the XRBs is disc ussed in both IFender et all 
\201(t) and ICalvelo et al] (|2010l '). The slope of the line of 
best fit to all data points (treating limits as detections as 
before) is 1.01; the slope varies by at most a few percent if 
we remove AGN with log(A) > —2, or treat the limits more 
rigorously. Therefore, the correlation is close to the form 
^5, core cx: L°qiM°'*, which is very similar to equation[2] 



5 CONCLUSIONS 

In this paper, we have used a previously published sample of 
199 sources to gain new insights into the radio-loud/radio- 
quiet dichotomy that is claimed to exist for AGN. Our main 
findings are as follows: 

(i) When radio loudness is plotted as a function of Ed- 
dington ratio, the distribution of data points is strongly de- 
pendent on the measure of radio power adopted. The clear 
bimodality that is present when total radio powers are used 
becomes much less apparent when the radio loudness is de- 
termined from the core only, and a mass correction is ap- 
plied. 

(ii) For mass-corrected, core radio loudnesses and Ed- 
dington ratios < 1 per cent, FR I RGs and BLRGs are on 
average more radio-loud than SGs and LINERs by about 
1.6 dex, or equivalently have total jet powers about 1 dex 
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stronger. This offset is much smaller than what could be 
expected if BH spin was the primary mechanism powering 
AGN jets. 

(iii) If BH spin is in fact not as important as previously 
thought, the radio loudness dichotomy seen in total radio 
luminosity could well depend on several factors in addition 
to, or instead of spin: the environmental density, the age 
of the radio source, and the dependence of radio emission 
strength on black hole mass. 

So, in summary, a mild radio loudness dichotomy for 
AGN appears to persist despite the implementation of core 
radio luminosities and a mass term correction, although 
these adjustments significantly reduce the required range of 
jet powers. Simultaneous radio and optical (or X-ray) nu- 
clear measurements, the former done with Very Long Base- 
line Interferometry (VLBI), for a large, carefully-selected 
sample would help considerably to confirm if there truly is 
a dichotomy in AGN jet power. 
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APPENDIX A: CORE RADIO LUMINOSITIES 
AND RADIO LOUDNESS PARAMETERS FOR 
THE SSL07 AGN SAMPLE 

For the five subsamples from SSL07, core radio luminosities 
(in the form v^L^^ ^^^^) and the resulting radio loudness 
parameters (L^^ ^^^^^ l^vg ) are presented in Tables lAll to 
E5l 

This paper has been typeset from a TgX/ I^T^jX file prepared 
by the author. 
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Table Al. Core radio luminosities and radio loudness parameters for the subsample of broad-line radio galaxies. 



Ot-JLllLC ildillC 


^ogl..tv5^ core } 

(erg s -*-) 


lotrf Rl 

iogi__n,j 




0(J Lli ildillt; 


core } iogi^rtj 
(erg s -*-) 




3C 17 


42.6 


3.82 


MKT93 


PKS 1254-333 


40.3 1.56 


RKP99 


4C +11.06 


41.1 


2.41 


LGH94 


3C 287.1 


42.4^' 3.57 


D086 


3C 59 


40.4 


1.16 


LM97 


Mrk 0668 


< 39.49 < 0.37 


St97 


3C 67 


< 40.6 


< 1.93 


Sa95, Gil04 


PKS 1417-19 


38.8 -0.32 


ZB95 


IRAS 02366-3101 


39.4° 


0.35 


Ro94 


3C 303 


41.5 3.01 


BP84, Gio88, LM97 


PKS 0236+02 


41.1 


2.11 


LM97 


PKS 1514+00 


41.4 3.12 


LM97 


B2 0309+39 


41.1 


2.27 


WB86, LM97 


4C +35.37 


< 39.39 < 0.37 


An85 


PKS 0340-37 


< 41.8 


< 2.73 


BH06 


3C 332 


40.4 1.66 


Gio88 


3C 93 


40.8 


1.64 


Ka95 


MC2 1635+119 


40.8 1.44 


LGH94, LM97 


MS 0450.3-1817 


< 39.0'' 


< 1.94 


FMZ82 


Arp 102B 


39.9 2.38 


LM97 


Pictor A 


41.2= 


3.01 


MKT93, JMR94 


PKS 1739+184 


41.1 1.97 


LGH94 


CBS 74 


< 40.1'* 


< 0.99 


Be95 


3C 382 


40.8 1.83 


WB86, Gio88, LM97 


PKS 0846+101 


41.0 


1.79 


LGH94 


3C 390.3 


41.1 2.21 


WB86, Gio88 


PKS 0857-191 


42. 4*= 


3.24 


MulO 


PKS 2058-425 


42.6"= 3.18 


MulO, ATCA, VLA 


4C +05.38 


41.8 


2.32 


LM97 


3C 445 


40.5 1.87 


BP84, WB86, MKT93 


PKS 0921-213 


40.0 


1.98 


ZB95 


PKS 2300-18 


41.9 3.20 


BP84, RKP99 


3C 227 


40.5 


1.78 


WB86, MKT93 


PKS 2305+188 


42.0 2.54 


LGH94 


B2 1028+31 


41.5 


2.07 


LGH94, LM97 


MC3 2328+167 


< 41.7'" < 2.62 


LGH94 


PKS 1151-34 


43.4'= 


4.58 


Pe82, RKP99, BH06 
ATCA, VLA 









Array 
iBureess 



cal ibrator databas e 
HunsteadI ll2006h 



References: An85 - lAntonuccil l|l985l ): ATCA — Aust ralia Telescope C ompact 
( ^http : / /www ■ narrabri . atnf . csiro . au/calibrators/ ); Be9 5 — [ Becker et al.l ill995l): BH06 

BP84 ^ [Bridle fc Perle^ (1984); D086 - Dow nes et al.l lll986l): F MZ82 - iFeigelson. Maccacaro fc Z amoran 
Gil04 
Ka95 
MKT93 



Gilbert et al. 



iKapahil (11993): LGH94 



iReid. Kronbere 



Morgantij_J<Uleen 



(12004) ; Gio8 8 - iGiovannini et al.l ||1988|); JM R94 - Ijones, McAdam fc Reynolds 

Hutchingj Jl994l); LM97 - iLaur'ent^Muehleisen^t'^ 
iMurphy et al] 1I2OI0I); Pe82 



iLister. Gower . 
Tadhunteij lll993l); MulO 

IT 



Sa95 



[Perld 

ISanghera et al.l l|l995r) : St97 - 



1982h; 



1982 ) 



1994 ) 



19971) 



RKP99 



Stanghellini et al] 



1997); VLA 



Perleyl lll999l ); Ro94 - iRoy et al.l ||1994|V 

^ Very Large A rray calibrator databa se (http: //www. aoc .nrao . edu/-gtaylor/csource .html) WB86 — 

IWills fc Browne! l|l986h : ZB95 - [Zirbel fc BaumI l|l995^ . 

General note: ATCA and VLA calibrator data were obtained from a range of array configurations. 

°We extrapolated the 2.29 GHz core flux density to 5 GHz assuming that « = 0. 

''Upper limit calculated using the integrated flux density of the total radio source in FMZ82. 

■^The core flux densities presented in JMR94 are at 2.3 and 8.4 GHz. To calculate the expected 5 GHz core flux density, 
we interpolated between these measurements, and the result was subsequently averaged with the core flux density from 
MKT93. 

'^5 GHz upper limit for the core estimated using the 1.4 GHz integrated flux density of the total radio source, and assuming 
that a = 0. 

"^Estimated fully or partly from the high-resolution integrated flux density of the total radio source, where no source 
extension was reported (except for the Pe82 measurement for PKS 1151—34 where slight source extension was noted). 
■fThe core flux density was estimated from the peak flux density of the central component in the 5 GHz contour map. 
9 Core not detected; a 5(t upper limit was used. 

''LGH94 remarked that the core flux density is probably contaminated by nearby extended structure. We have therefore 
used their measurement as an upper limit. 
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Table A2. Core radio luminosities and radio loudness parameters for the subsample of radio-loud quasars. 
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Source uSyiiiG 


lOg[lj^^ corcj 

(erg s ^) 


iog(n,) 


RGferGiices 


Source uSyiiie 


^og^i^S, core ) 

(erg s ^) 


logV-ftj 


Ptefereuces 


4C 25.01 


42.5 


2.00 


LGH94 


B2 1223+25 


40.5 


0.80 


LGH94 


B2 0110+29 


42.1 


2.04 


LM97 


PKS 1233-24 


41.3 


1.19 


RKP99 


4C 31.06 


42.7 


3.04 


LM97 


3C 277.1 


41.6 


2.06 


WB86 


PKS 0202-76 


42.6 


2.44 


BH06 


PKS 1302-102 


42.9 


2.31 


Ke89, MRS93, LGH94, 


PKS 0214+10 


42.1 


1.86 


Ka95, LM97 








ATCA, VLA 


PKS 0312-77 


42.7" 


2.64 


MulO 


PKS 1346-112 


42.9"' 


= 3.24 


WPW03, He07 


3C 111 


41.5 


1.53 


BP84, LM97 


B2 1351+26 


41.6 


1.79 


WB86, LM97 


PKS 0558-504 


41.4" 


1.39 


Dr03, MulO 


PKS 1355-41 


42. 2<* 


1.85 


MKT93, JMR94, BH06 


B2 0742+31 


43.3 


2.55 


BP84, LGH94 


CSO 0643 


42.1 


2.31 


LM97 


PKS 0812+02 


42.7 


2.61 


BP84, LM97 


PKS 1451-375 


43.3 


3.19 


WB86, ATCA, VLA 


3C 206 


41.9 


1.93 


Ka95, RKP99 


4C +37.43 


42.2 


1.93 


WB86, Ke89, MRS93 


PKS 0925-203 


43.1" 


2.79 


Pe82, ATCA, VLA 


LB 9743 


41.5 


1.60 


LGH94 


4C +09.35 


40.9 


1.18 


LGH94 


4C +18.47 


41.3 


1.68 


Ka95, LM97 


PKS 1004-217 


42.7" 


2.64 


MulO 


3C 351 


41.4 


0.62 


WB86, Ke89, MRS93 


PKS 1004+13 


41.2 


0.82 


BP84, Ke89, MRS93 


B2 1719+35 


42.6 


2.98 


LM97 








LGH94, Ka95 


B2 1721+34 


42.3 


2.66 


LGH94 


PKS 1011-282 


41.4 


1.59 


RKP99 


PKS 1725+044 


42.9 


2.97 


LGH94, LM97 


PKS 1020-103 


< 42.3'' 


< 2.42 


LGH94 


MRC 1745+163 


< 42.5= 


< 2.49 


GC91 


3C 246 


41.9 


1.81 


Ke89, MRS93, Ka95 


PKS 1914-45 


42.2" 


2.06 


MulO 


PKS 1101-325 


42.9 


2.64 


ATCA, VLA 


PKS 2140-048 


42.9 


3.37 


ATCA, VLA 


B2 1104+36 


41.4 


1.70 


LM97 


OX +169 


42.5 


2.29 


LGH94, LM97 


B2 1128+31 


41.9 


1.77 


LM97 


PKS 2208-137 


42.8 


2.66 


WB86, RKP99 


PKS 1146-037 


42.6"' 


= 2.85 


WPW03, He07 


PKS 2227-399 


42.7" 


3.14 


Pe82, ATCA, VLA 


LB 2136 


42.9 


3.06 


BP84, LM97 


PKS 2247+14 


< 43.0*' 


< 3.35 


LGH94 


TXS 1156+213 


< 40.9 


< 1.31 


WB86 


PKS 2302-713 


< 42. 4^ < 2.57 


JMR94 


B2 1208+32A 


41.1 


0.89 


LM97 


PKS 2349-01 


41.7 


1.74 


WB86 



Refere nces: ATCA — Australia Teles cope Co mpact Array calibrator database )|http : //www . narrabr i . atnf . cslro ■ au/calibra tors/ ); 
BH06 -iBurgess fc Hunstead' (?2006h : BP84 - Bridle fc PerlevI lll984l ) ; Dr03 -'Drake et al.' (2003) ; GC91 -[G regory fc Condonl 
lligOll l: He07 - Hcalcy et al. (2007); JM R94 -Ijones et al.l lll994l): Ka95 - Kapahi (1995); Kc 89 -iKellerma nn et al. (198^ 
LGH94 - [Lister et al.l iwdj): LM97 - iLaurent-Muehleisen et all lll997l ): MKT9 3 - IMorganti et al.l lll993l ): MRS93 - 
[Miller et al.1 l|l993t ): MulO - iMurphy et al.l l|20ld); Pe82 -IPerlevI l|i982l); RKP9 9 - iReid et al.l lll999l'l: VLA - V ery Large 
Array calibrator database (http://MWM.aoc.nrao.edu/-gtaylor/csource. html) I WB86 - IWills fc Brownj \l98d) : WPW03 
- IWinn. Patnaik fc Wrobell l|2C)03l ). 

General notes: ATCA and VLA calibrator data were obtained from a range of array configurations. Also, if there were 
more than two measurements for a particular source, and two of these were from Ke89 and MRS93, then the flux densities 
from these two studies were averaged together first and henceforth treated as a single measurement. This is because MRS93 
reanalysed the data presented in Ke89. 

"Estimated fully or partly from the high-resolution integrated flux density of the total radio source, where no source 
extension was reported. 

''LGH94 remarked that the core flux density is probably contaminated by nearby extended structure. We therefore used 
their measurement as an upper limit. 

'^The flux densities presented in WPW03 and He07 are at 8.4 GHz; we have estimated the 5 GHz core flux density by 
assuming that = 0. 

''The flux densities presented in JMR94 are at 2.3 and 8.4 GHz; to calculate the expected 5 GHz core flux density, wc 
interpolated between these measurements. 

'^Upper limit calculated using the integrated flux density of the total radio source in GC91. 

■'^We extrapolated the 2.3 GHz upper limit for the core flux density to 5 GHz assuming that a = 0. 
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Table A3. Core radio luminosities and radio loudness parameters for the subsample of Seyfert and low-ionization nuclear emission-line 
region galaxies. 



Source name 


log(L5, core) 

(erg s-l) 


log(i?) 


References 


Source name 


log(L5, core) 

(erg s-1) 


log(i?) 


References 


Mrk 335 


38.4 


0.60 


Ke89, MRS93 


NGC 4258 


35.7 


2.07 


HUOl, NFW05 


Fairall 9 


< 39.7" 


< -0.05 


Ho02 


NGC 4388 


36.9 


1.26 


HUOl 


Mrk 590 


38.4'' 


1.38 


UW84a 


NGC 4565 


36.2*' 


1.64 


HUOl, NFW05 


NGC 1068 


38.8 


1.74 


HUOl 


NGC 4579 


37.5 


1.96 


AUH04, NFW05 


Ark 120 


38.6'= 


-1.02 


BA89 


NGC 4593 


37.2'' 


-0.40 


UW84b 


Mrk 79 


37.8= 


-0.62 


UW84a 


NGC 4639 


35.6'' 


0.70 


HUOl 


NGC 2787 


36.6 


2.81 


NFW05 


NGC 5033 


36.8 


0.52 


HUOl 


Mrk 110 


38.4 


0.17 


Ke89, MRS93 


NGC 5252 


38.8 


2.59 


WT94 


NGC 3031 


36.9 


1.73 


HUOl 


NGC 5273 


36.4'' 


0.57 


HUOl 


NGC 3227 


36.3 


-0.56 


NFW05 


IC 4329A 


38.8 


0.67 


Un87 


NGC 3516 


37.2 


-0.16 


NFW05 


Mrk 279 


38.4'' 


-0.41 


Ku95 


Mrk 744 


37.0^* 


-0.46 


Ku95 


NGC 5548 


37.9 


0.48 


HUOl 


NGC 3783 


38.1* 


-0.01 


UW84b 


Mrk 817 


38.5'= 


0.45 


BA89 


NGC 3982 


36.5' 


1.31 


HUOl 


Mrk 841 


38.0 


0.21 


Ke89, MRS93 


NGC 3998 


38.0 


2.30 


NFW05 


NGC 5940 


< 37.5'' 


< -0.27 


Ku95 


NGC 4051 


36.5 


0.08 


HUOl 


NGC 6104 


< 37.3'' 


< 0.33 


Ku95 


NGC 4151 


36.8'= 


-1.38 


NFW05 


Mrk 509 


38.5'= 


-0.97 


SW92 


NGC 4203 


37.0 


2.33 


AUH04, NFW05 


NGC 7469 


38.6'' 


0.94 


Ku95 


Mrk 766 


38.3"= 


1.11 


UW84a 


Mrk 530 


38.7-f 


1.69 


Ro94, Ku95 



References: AUH04 
IHo ' 



- 1 Andersoiij U^vestadfcHc 



_ Ulvesta dI 120011'): Ke89 -[K ellerma nn et al 
Nagar, Fal cke fc Wilsod I2OC 



2005): Ro 94 
Wilson! l ll984al '): UW84b 



BA89 -iBarvainis fc Antonucci l|l989l ) : Ho02 -iHo 
Ku9 5 - iKukula et al.l lll995 l): MRS93_-l Miller et al 



(11989 ) - ^ 

Roy et al.1 ll 19941): SW92 - ISingh fc W cstcrgaardI lll992l): Un87 - lUnger et al.l 
lUlvestad fc WilsonI Jl984b): WT94 -|wiisra^^s^tanoJ|l99j'^ 



2002): HUOl 
1 19931): NFW05 



l ll987h : UW84a - lUlvestad 

General note: HUOl and NFW05 presented both peak and integrated core flux densities for the sources in their samples. If 
HUOl or NFW05 is listed as the reference for a particular source, we note that we used the peak core flux density (or the 
peak total flux density where necessary). 

''H0O2 reported an upper limit for the 'nuclear' radio luminosity; we have used this measurement as an upper limit for the 
core luminosity as well. 

''Estimated from the high-resolution integrated or peak flux density of the total radio source (except in NFW05 for NGC 
4565), where no source extension was reported. 

'^Estimated from the peak flux density of the total radio source, which is either partially extended or more fully extended. 
If more than one 6 cm contour map was available for a particular source, we used the highest-resolution version. 
''Estimated from the peak flux density of the total radio source at 8.4 GHz, or the quoted upper limit for the 8.4 GHz flux 
density; we extrapolated this value to 5 GHz assuming that a = 0. 
'=NFW05 estimated the 5 GHz core flux density using 1.4 GHz data. 

^Estimated from interpolating between the core flux density at 2.3 GHz (Ro94) and the peak flux density of the total radio 
source at 8.4 GHz (Ku95). 
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Table A4. Core radio luminosities and radio loudness parameters for the subsample of FR I radio galaxies. 
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Source name log(L5_ core) 
(erg s~i) 




References 


Source iiciine 


iOg(^lv5^ core ) 

(erg s -*-) 




Rcfereiices 






a 


Gio88 


NGC 4874 


37.8 


> 3.68' 


Gio88 




/in Q 

4U.O 


4.16 


MKT93 


3C 288 


41.4 


4.51 


Gio88, LM97 


TS.T r^r^ QIC 


/in o 


4.38 


BP84, Gio88, LM97 


3C 296 


39.7 


4.32 


BP84, Gio88 




oy .0 


3.70 


BP84, Gio88 


3C 310 


40.4 


4.25 


Gio88 


NGC 507 


37.6 


> 3.25'' 


Gio88 


3C 314.1 


< 39.2 


.a 


Gio88 


3C 40 


39.5 


> 4.11'' 


BP84, MKT93 


3C 317 


40.6 


4.36 


MKT93, LM97 


NGC 741 


38.4 


> 3.29'' 


LM97 


3C 338 


40.0 


3.97 


Gio88, LM97 


3C 66B 


39.8 


3.46 


BP84, Gio88 


3C 346 


41.8 


3.87 


Gio88 


3C 78 


40.9 








AO 
4U.U 


4.15 


BP84, MKT93, GL03 


3C 83.1 


39.2 


4.10 


BP84, Ch99 


3C 424 


40.5<= 


> 3.96'' 


Ch99 


3C 84 


42.1 


4.35 


NdB82, BP84, LM97, Ch99 


3C 438 


41.2 


> 4.41* 


BP84, Ch99 


3C 89 


41.0 


> 5.28'' 


Ch99 


3C 442 


38.2 


3.32 


Gio88 


3C 264 


40.0 


3.11 


Gio88 


3C 449 


39.1 


3.27 


BP84, Gio88 


3C 270 


39.3 


4.99 


MKT93, LM97 


NGC 7626 


38.3 


> 3.67* 


BP84 


3C 272.1 


38.7 


3.85 


BP84, Gio88 


3C 465 


40.4 


4.06 


BP84, Gio88 


3C 274 


39.7 


3.86 


Gio88, LM97 










References: 


BP84 -'Bridle K 


z PerlevI 


(ll984^: Ch99 -IChiaberee et al. 


1 l|l999h; Gio88 


— iGiovannini 


et al.llll988l'): GL03 



- iGizani fc Leah y (2003'): LM97 - iLaurent-Muehleisen et al.1 lll997h : MKT93 - iMorganti et al.l lll993l) : NdB82 - 
iNoordam fc de Bruyg 81983) . 

°log(i?) is very uncertain because of an upper limit in both the radio and optical luminosities. 
''Lower limit in log(i?) because of an upper limit in the optical luminosity (see Table 4 in SSL07). 
'^Ch99 estimated the 5 GHz core flux density from an 8.3 GHz contour map. 



Table A5. Core radio luminosities and radio loudness parameters for the subsample of Palomar-Green quasars. 



Source name 


log(i5, core) 

(erg s-i) 


log(R) 


References 


Source name 


log(i5, cort 

(erg s-i) 


=) 


log(fl) 


References 


PC 


0007+106 


41.1 




1.98 


Ke89, MRS93 


PC 


1259+593 


< 39. 


,9 


< 


-1.00 


MRS93 


PC 


0026+129 


< 38.9 


< 


-1.21 


Ke89, MRS93 


PC 


1307+085 


< 39. 


,0 


< 


-1.07 


Ke89, 


MRS93 


PC 


0050+124 


38.9 




-0.67 


Ke89, MRS93 


PC 


1309+355 


41, 


,3 




1.16 


Ke89, 


MRS93 


PC 


0052+251 


39.1 




-0.87 


Ke89, MRS93 


PC 


1351+640 


40, 


,2 




0.77 


Ke89, 


MRS93 


PC 


0157+001 


40.3 




0.20 


Ke89, MRS93 


PC 


1352+183 


< 38, 


,9 


< 


-1.00 


Ke89, 


MRS93 


PC 


0804+761 


39.1 




-0.61 


Ke89, MRS93 


PC 


1402+261 


< 39, 


,0 


< 


-0.92 


Ke89, 


MRS93 


PC 


0844+349 


< 38.1 


< 


-1.64 


Ke89, MRS93 


PC 


1411+442 


38, 


,7 




-0.98 


Ke89, 


MRS93 


PC 


0923+201 


< 39.1 


< 


-0.74 


Ke89, MRS93 


PC 


1415+451 


< 38, 


,6 


< 


-0.96 


Ke89, 


MRS93 


PC 


0923+129 


38.8" 




0.11 


MRS93 


PC 


1416-129 


39, 


,2 




-0.56 


Ke89, 


MRS93 


PC 


0953+414 


< 39.5" 


< 


-1.06 


MRS93 


PC 


1426+015 


38, 


,9 




-0.63 


Ke89, 


MRS93 


PC 


1012+008 


39.5 




-0.47 


Ke89, MRS93 


PC 


1440+356 


38, 


,7 




-0.75 


Ke89, 


MRS93 


PC 


1049-005 


< 39.7 


< 


-0.90 


Ke89, MRS93 


PC 


1444+407 


< 39, 


1 


< 


-1.12 


Ke89, 


MRS93 


PC 


1100+772 


42.0 




1.49 


Ke89, MRS93 


PC 


1534+580 


38, 


,2 




-0.22 


Ke89, 


MRS93 


PC 


1103-006 


42.4 




1.69 


Ke89, MRS93 


PC 


1545+210 


41, 


,5 




1.22 


Ke89, 


MRS93 


PC 


1114+445 


< 38.7 


< 


-0.94 


Ke89, MRS93 


PC 


1613+658 


39, 


,2 




-0.57 


Ke89, 


MRS93 


PC 


1116+215 


39.9 




-0.30 


Ke89, MRS93 


PC 


1617+175 


< 39, 


,2" 


< 


-0.45 


Ke89, 


MRS93 


PC 


1119+120 


< 37.9 


< 


-1.37 


Ke89, MRS93 


PC 


1700+518 


40, 


,3 




-0.22 


Ke89, 


MRS93 


PC 


1202+281 


39.3 




-0.83 


Ke89, MRS93 


PC 


2130+099 


38, 


,7 




-0.80 


Ke89, 


MRS93 


PC 


1211+143 


< 38.8 


< 


-0.97 


MRS93 


PC 


2209+184 


40, 


,8 




1.75 


MRS93 


PC 


1216+069 


40.8 




0.27 


Ke89, MRS93 


PC 


2251+113 


41, 


1 




0.76 


Ke89, MRS93 


PC 


1229+204 


< 38.3 


< 


-1.13 


Ke89, MRS93 


PC 


2308+098 


42, 


,3 




1.66 


Ke89, MRS93 


PC 


1244+026 


< 38.1 


< 


-0.55 


Ke89, MRS93 


















Ref. 


erences: Ke89 


- iKellermann 


et 


ai.l Jigs 


19h; MRS93 -iMiller 


et al.l 


|1993|). 















''MRS93 orginally determined 5 GHz peak flux densities for the cores of these sources from maps at 1.5 GHz, assuming 
a = —0.7. For consistency with the rest of the tables, we have instead adjusted these values, and the corresponding core 
luminosities, so that they are consistent with a = 0. However, for PG 1617+175, the total flux density at 5 GHz in Ke89 is 
in fact less than our extrapolated upper limit. Therefore, we have instead used the total radio luminosity as an upper limit 
for the core luminosity in this case. 
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